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were made. These thin films were characterized using impedance spectroscopy and ultraviolet-visible spectroscopy to obtain their resistances and optical transmittance, respectively. The films displayed sheet resistances around 10 5 -10 4 kΩ/ and optical transmittance in the near infrared to near ultraviolet range above 95%. Films were then made using a higher concentration ATO solution and found to achieve sheet resistances on the order of 10 2 kΩ/ . Impedance measurements, along with optical micrographs, were taken at different locations on the films, demonstrating that films of more than one layer showed greater uniformity. Further sets of films were also produced with varying substrate preparation and dispersion deposition parameters. Aside from dispersion concentration, high humidity during film measurement was found to be the most crucial parameter for achieving low sheet resistances. [2] . The first TCO was discovered over a century ago when a sputter deposited cadmium thin film underwent incomplete thermal oxidation with postdeposition heating in air [3] . Since this realization, many other TCO materials have been developed, namely n-type semiconductors with tin oxide, indium oxide, or zinc oxide as the main component, displayed in 
!
The key to attaining both optical transparency and electrical conductivity in TCOs is the nature of the energy band gap in degenerate semiconductors. To overcome the band gap, electrical conductivity in TCOs is achieved by increasing the number of free charge carriers through intrinsic defects, such as oxygen vacancies, or through extrinsic dopants, typically higher-valency metal cations [2] . In n-type semiconductors, these dopants or defects provide energy levels close to the bottom of the conduction band, allowing those electrons to get promoted into the conduction band as free charge carriers. In p-type semiconductors, the additional energy levels lie close to the valence band, allowing electrons to be promoted into the extra energy levels and creating holes in the valence band to act as free charge carriers [3] .
The optical transparency of TCOs is made possible by the existence and magnitude of the energy band gap. Unlike metals, there exists a range of wavelengths for which electrons cannot absorb light due to their corresponding energies and the semiconductor band gap energy [4] . This creates a transmission boundary in the nearultraviolet region, above which light has enough energy to promote an electron in the valence band into the conduction band [2] . The lower energy boundary appears in the near-infrared region, below which transmission is restricted due to absorption of light by electronic transitions between energy levels within the valence band [3] .

Indium tin oxide (ITO) is an In2O3-rich compound of In2O3 and SnO2 that has
become the principal TCO material as a result of its excellent optical and electrical properties, having average resistivities of about 1 × 10 −4 Ω⋅cm [2] . However, alternatives to ITO are being investigated because of the high cost and scarcity of indium. Fluorine-doped tin oxide (FTO) is the second most used TCO, but it has a relatively low electrical conductivity and is more difficult to pattern using wet-etching [2] .
Aluminum-and gallium-doped zinc oxides (AZO and GZO, respectively) are also good alternatives to ITO, but they tend to degrade faster than ITO and FTO in hot, moist atmospheres [2] .
Antimony Tin Oxide TCOs
! Antimony tin oxide (ATO) is a TCO material whose properties have been studied and looks to be a promising alternative to ITO due to its low cost [5] [6] [7] [8] [9] [10] [11] [12] . Where ITO is Sn-doped indium oxide, ATO is Sb-doped tin oxide (SnO2). SnO2 has a rutile crystal structure, with Sn atoms in the corner and center positions and oxygen atoms occupying the tetrahedral interstitial sites [13] . Table 2 .2 displays a summary of the optimal electrical and optical properties obtained from ATO thin films of different compositions using a variety of deposition techniques. While the resistivities and transmission for ATO thin films that have been recorded are close to those of their ITO counterparts, they still fall behind the lower resistivities and higher transmission of ITO. To be able to compete with ITO, ATO thin films also need to be more easily manufactured. This study proposes to promote the use of ATO by optimizing the fabrication of ATO thin films by solution-processing commerciallyavailable ATO nanoparticles.
CHAPTER 3 MATERIALS AND METHODS
Dispersion Preparation
! ATO (Alfa-Aesar) nanoparticles were redispersed in water using tetramethylammonium hydroxide (TMAH) as a dispersing agent. The ATO powder was massed and combined with 10 wt.% TMAH solution (Sigma-Aldrich) in a ratio of 0.1823 μL of TMAH solution per mg of ATO [6] . Water was added to adjust the ATO dispersion concentration, and the dispersion was sonicated for 10 minutes and stirred until deposition. Dispersions of 0.1 wt.% and 5 wt.% were made.
Film Deposition
!
Microscope slides were cut into 1" x 1" substrates and cleaned using Kimwipes and pure water, acetone, and isopropyl alcohol. The substrates were treated with UV ozone at 50°C for 15 minutes. Spin coating was used to deposit the ATO dispersion onto the substrates. The spin coating program used was an initial speed of 2000 rpm accelerated at 100 r/s for 45 s., followed by a drying speed of 5000 rpm accelerated at 1000 r/s for 30 s. To form one layer of ATO film using spin coating, 200 μL of the ATO suspension was pipetted onto the center of the substrate before starting the spin coating program. To ensure all water had been removed before deposition of further layers, the films were placed in a furnace set to 90-100°C for 10 minutes between each layer deposition. Films of one to five layers were made.
Varying Substrate Preparation and Film Deposition Parameters
The importance of UV-ozone treatment for substrate preparation was studied by exposing some substrates to UV ozone at 50°C for 15 minutes and leaving other substrates untreated. The deposition conditions studied were pipetting the dispersion onto the substrate before starting the spin coating program, while the substrate was motionless, and pipetting the dispersion 3 s. into the spin coating program, while the substrate had a velocity of about 300 rpm.
Film Characterization
!
The thin films were characterized using impedance spectroscopy to obtain their sheet resistances. A Solartron 1296 and Solartron 1260 were used to take four point probe measurements on the samples. Measurements were taken between probes 1-2, 2-3, and 3-4 in at least one of the positions shown in Figure 3 .1. The sheet resistances were calculated by fitting the first semicircle in the complex impedance graph from the impedance data to a simple equivalent circuit of a resistor in parallel with a constant phase element. All measurements from one film were averaged to obtain the representative sheet resistance of each film. Optical microscopy was used to investigate the film structures and uniformity. A substantial decrease in transmittance can be seen when the dispersion concentration is increased from 0.1 wt.% to 5 wt.%. This decrease is understandable, as more nanoparticles are deposited onto the substrate when using a higher concentration. The lowest sheet resistance was obtained with a substrate prepared with UV-ozone and deposition after starting the spin coating program. Treating the glass with UV-ozone activates the surface, making it more hydrophilic and enabling the aqueous dispersion of ATO nanoparticles to better adhere to the glass. The films on UV-ozone treated substrates also looked more uniform and completely covered the substrate surface, whereas the other films left some of the glass surface uncovered. It is evident that films measured at a higher relative humidity had lower sheet resistances. It is unclear why this change in properties occurs, but it is likely related to the residual TMAH that is contained in the films. 
Effects of Substrate Preparation and Deposition
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